
Integrated Pest Management Reviews4: 127–142, 1999.
© 1999Kluwer Academic Publishers. Printed in the Netherlands.

Management of stored wheat insect pests in the USA∗

David W. Hagstrum1,∗∗, Carl Reed2 and Phil Kenkel3
1USDA, ARS, Grain Marketing & Production Research Center, 1515 College Avenue, Manhattan, KS, USA;
2Department of Grain Science & Industry, Kansas State University, Manhattan, KS, USA;
3Department of Agricultural Economics, Oklahoma State University, Stillwater, OK, USA;
∗∗Author for correspondence (Tel.: (785) 776-2718; Fax: (785) 776-2792; E-mail: hagstrum@usgmrl.ksu.edu)

Received 28 May 1998; accepted 20 December 1999

Key words:wheat, stored-grain, integrated pest management, aeration, biological control, grain sampling, insect
monitoring, modeling, area-wide IPM

Abstract

Management of stored-grain insect pests by farmers or elevator managers should be based upon a knowledge of
the grain storage environment and the ecology of insect pests. Grain storage facilities and practices, geographical
location, government policies, and marketing demands for grain quality are discussed as factors influencing stored-
grain insect pest management decisions in the United States. Typical practices include a small number of grain
samples designed to provide grain quality information for segregation, blending and marketing. This low sampling
rate results in subjective evaluation and inconsistent penalties for insect-related quality factors. Information on
the efficacy of insect pest management practices in the United States, mainly for farm-stored wheat, is discussed,
and stored-grain integrated pest management (IPM) is compared to field-crop IPM. The transition from traditional
stored-grain insect pest control to IPM will require greater emphasis on sampling to estimate insect densities, the
development of sound economic thresholds and decision-making strategies, more selective use of pesticides, and
greater use of nonchemical methods such as aeration. New developments in insect monitoring, predictive computer
models, grain cooling by aeration, biological control, and fumigation are reviewed, their potential for improving
insect pest management is discussed, and future research needs are examined.

Introduction

Management of insect pests by farmers or elevator
managers should be based upon a knowledge of the
grain storage environment and the ecology of insect
pests. Wheat kernels remain on the plant for only a
few weeks after they mature. However, the same seeds
may spend several months or years in storage before
being processed into food. During storage, seeds are
vulnerable to attack by stored-product insects. Several
cosmopolitan insect species are commonly found in
stored-grain. The most damaging insect pests of stored
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wheat in the United States are the rice weevil,Sitophilus
oryzae(L.) (Coleoptera: Curculionidae), and the lesser
grain borer,Rhyzopertha dominica(F.) (Coleoptera:
Bostrichidae) (Gundu Rao and Wilbur 1972, Bekon and
Fleurat-Lessard 1992), because they consume signifi-
cant portions of an infested kernel, deposit feces and
cast skins, and can cause localized increases in heat
and moisture that lead to accelerated mold growth. Cast
larval head capsules and adult exoskeletons of internal-
feeding insects leave fragments in flour when wheat is
milled. Other insect species in the generaTribolium,
Oryzaephilus, Cryptolestes, Ahasverus, andTyphaea
are commonly found in stored wheat (Pedersen 1992),
but cause little damage to grain and contribute little to
the insect fragment count in flour.
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Insect infestations are common in farm-stored wheat
in the United States. Storey et al. (1983) detected
insects in about 1/4 of over 4,000 grain samples from
wheat stored for 1–4 years on farms in several states,
and the mean density in infested lots was 19 insects
per kilogram of grain. More recent studies have shown
that insect densities were lower when newly-harvested
wheat was stored for less than a year (Hagstrum
1987, 1989). The ecology of stored-grain insect pests
has been reviewed by Hagstrum and Flinn (1992),
Hagstrum (1995) and Hagstrum et al. (1995).

Storage facilities

Wheat is stored in a network of facilities that encom-
passes the entire populated world. In the major wheat
production areas in the United States, most farms have
grain storage bins (27–540 tons, 1,000–20,000 bushels
capacity), and nearly every small town has a grain ele-
vator. A grain elevator is a storage facility consisting of
a series of grain bins (270–5400 tons, 10,000–200,000
bushels capacity) served by vertical elevating equip-
ment and, at some locations, by horizontal conveying
equipment. Often, wheat first enters the marketing sys-
tem at a country elevator, where grain is collected from
the surrounding farms (Cramer and Heid 1983). Wheat
then moves to a terminal elevator, a regional load-out
facility or a river terminal where it is blended with
other wheat and shipped to an export terminal or major
domestic use point. Grain typically moves from the har-
vester to a farm bin or country elevator by truck, but
some is trucked directly to a terminal elevator. Grain
is moved from country to terminal elevators mainly by
truck and railcar. Wheat may remain in storage at any
of these locations from a few days to several years,
although multi-year storage is increasingly rare in the
United States because the government programs that
encouraged long-term storage have been discontinued.
The average storage time for wheat is probably in the
range of 6–9 months. However, storage times depend
upon the availability of local storage space and may be
shorter when wheat needs to be moved to make room
for the autumn crops of corn, grain sorghum (milo),
soybeans, or others.

In contrast to perishable commodities and finished
foods, wheat is usually stored during most of the
year at near ambient temperatures, and shipped with-
out protective packaging. Thus, insects are often able
to survive throughout the grain marketing network.

Within individual grain-handling facilities, insects sur-
vive in stored grain, the grain conveying equipment
and empty bins. Grain conveying equipment on farms
and in elevators consists of screw, drag, or belt con-
veyors, dump pits, and elevator legs. Typically, grain
is unloaded from trucks into an elevator dump pit,
which is a self-emptying, below-ground holding area
that directs the grain into an elevator leg. After ele-
vation, the grain may go directly to a distributor that
can direct grain to any of the bins or enter a horizontal
conveyor. The elevator legs, distributor and horizontal
conveyors often have dead areas where grain and grain
dust can accumulate. Areas retaining grain (retarders)
are used to slow the descent of the grain when grain is
dropped into a bin through a long spout. Insects in these
accumulations of grain and fine material can later infest
grain being moved through the conveying system.

Grain stores are either flat or upright. Upright stores
are more than twice as tall as they are wide and are
usually made of concrete, although some are made of
metal sections bolted or welded together. Flat stores
(2,700–54,000 tons, 100,000–2,000,000 bushel capac-
ity), either cylindrical bins or warehouse-type, may be
built of metal or concrete. In general, concrete stores
are better able than metal structures to exclude insects,
to insulate grain from changes in ambient tempera-
ture, and to retain fumigant. Bins have either flat bot-
toms or self-emptying hopper bottoms. In flat-bottom
bins, a large amount of grain remains in the bin after
emptying by gravity. This grain must be removed by
manual labor, sweep augers, or some combination of
manual and mechanical means. In hopper-bottom bins,
a small amount of grain material usually remains in
dead spaces after the grain is withdrawn. Grain residue
and dust cling to the walls of bins, build up on ledges,
and provide a moderately stable habitat for insect
populations.

Insect-detection practices

Wheat is usually sampled to determine grain quality
when received at elevators or moved from one bin to
another bin. Sampling rates typically range from 1 part
in 10,000 for a small farm truck to 1 part in 60,000 for
an elevator bin and are designed to provide grain qual-
ity information for segregation, blending and market-
ing. Measures of grain quality important to the industry
include color, test weight (bulk density), moisture and
protein content, foreign or fine material, and damaged
kernels. Sanitary condition including the presence of
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insects, insect-damaged kernels (IDK), and insect- or
mold-related odors also are noted. Routine grain sam-
pling practices focus on factors other than the presence
of insects, and sampling rates are much too low to rou-
tinely detect sparse insect populations (Hagstrum and
Flinn 1992). If the samples are passed over sieves or
mechanical dockage testers, the insects are separated
from the grain and can be observed in the fine mate-
rial screenings (Demianyk et al. 1997). Occasionally,
if insects are found and more information is desired,
grain may be sampled in place or be moved to sample
specifically for insects. This monitoring can confirm
that insect populations have reached unacceptable lev-
els, but often is insufficient to accurately estimate insect
density per kilogram of grain. Accurate estimates of
insect density are required to make sure that pest man-
agement decisions are correct.

In flat storages, many managers have workers probe
the grain surface at fixed distance intervals to sample
for insects. These samples are sieved to separate adult
insects from the grain. In upright stores, where limited
access to the bulk of the grain mass makes sampling
more difficult, some managers regularly monitor grain
temperatures, although most farm bins and many ele-
vator bins are not equipped with temperature monitors.
When unexplained temperature increases are detected,
some grain is withdrawn and checked for insects or
dampness. However grain heating due to insects occurs
only after their populations have reached locally high
densities of several hundred insects per kilogram of
grain (Cofie-Agblor et al. 1995). Insects are detected
outside elevator bins mostly by chance as floors and
equipment are cleaned.

Because of the low grain sampling rate, insect-
related quality factors are subjectively evaluated and
inconsistently penalized (Reed et al. 1989, Barak and
Harein l981a,b). Policies on discounts for insects or
insect-related grade factors vary greatly from one ele-
vator to another, and are applied less consistently than
discounts for moisture, dockage, or test weight (Reed
et al. 1989). Grain price discounts for the presence of
live insects are more likely to be imposed when the
test weight is low or when the dockage or fine material
content is high.

Traditional insect pest control practices

Insect pest control practices for stored wheat vary
between geographical regions and types of storage
facilities. In southern parts of the United States wheat

belt, insects are a greater problem than further north,
and thus receive greater attention. Recommended
insect-control practices include monitoring, sanitation,
grain drying and cooling, and a variety of pesticides.
The biological (Brower et al. 1995), physical (Fields
and Muir 1995, Banks and Fields 1995) and chemical
(Snelson 1987, White and Leesch 1995, Arthur 1996)
methods of insect pest control available for stored
grain have been reviewed. Grain protectants, which are
applied directly to the grain as a dust formulation or a
liquid spray as grain is loaded into a bin, kill insects by
contact or ingestion. Fumigants, another type of pes-
ticide, are commonly used in stored-grain as remedial
treatments. The fumigants are gaseous poisons that kill
insects as the gas enters their bodies through the spir-
acles. In North America, the phosphine fumigants are
most commonly used in stored-grain. Some managers
fumigate only when insects are detected. Others fumi-
gate all of the grain in the storage facility before grain
becomes too cold to fumigate in the autumn. Insect
populations on farms (Hagstrum 1987) and at elevators
(Storey et al. 1982) reach their highest densities and are
most noticeable in the autumn. Traditionally, aeration
also is done in the autumn (Cuperus et al. 1986).

Surveys have shown that on farms and at elevators,
managers use a variety of pest management methods
(Barak and Harein 1981b, Kenkel et al. 1993, Martin
et al. 1997). Some managers use only remedial actions,
whereas others use multi-tactic strategies including
preventative methods. For example, on Kansas farms,
about half of the farmers surveyed claimed to apply a
grain protectant routinely (although biologically-active
residues could be detected on only one-third of farms),
whereas about a third of farmers did not plan to use
a pesticide unless insects were found (Reed et al.
1990). At Kansas elevators, two-thirds of surveyed
managers planned to fumigate only if an insect infesta-
tion was detected, whereas the remainder indicated that
they fumigated on a pre-determined schedule (Worman
et al. 1993). The predominant approach depends upon
the geographical location, type of storage facility, and
duration of storage.

On farms, bin sanitation and pesticide sprays
are commonly used to disinfest bins before newly-
harvested grain is stored. The use of grain protectants
on wheat appears to be most common in the southern
wheat production areas of the United States (Storey
et al. 1984). Many farmers fumigate farm-stored wheat.
Some aerate to cool the grain, and periodically mon-
itor for grain quality problems, including insects, by
sampling the grain near the surface. At elevators,
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where access to the grain is limited, fumigation is
the most common pesticide treatment, although some
grain, especially that likely to be stored for longer
than 6 months, or in structures unsuitable for fumiga-
tion, is treated with residual grain protectants (Worman
et al. 1993). Aeration to cool the grain and to moder-
ate temperature gradients is also a common practice
at elevators. Monitoring at elevators is typically done
by sampling grain during movement or by detecting
increases in grain temperature.

Effectiveness of traditional insect pest control
practices

Information on the efficacy of insect pest manage-
ment practices in the United States is available mainly
for farm-stored wheat. Traditionally, farmers have
depended more on grain protectants whereas elevator
managers have fumigated.

On farms, empty bins are generally cleaned and
treated with a pesticides to eliminate insect infesta-
tions before storing grain. Reed and Pedersen (1987)
reported that empty bins which had been sprayed with
a pesticide were as likely as unsprayed bins to have
live insects present shortly before harvest. Also, treat-
ing an empty bin with a pesticide before harvest did
not significantly reduce the level of insect infestation in
wheat shortly after harvest. By September, grain stored
in pesticide treated bins was significantly less likely to
be heavily infested than grain stored in untreated bins
(Reed et al. 1990), but the effect of applying pesticide
to empty bins was not apparent in November, January
or March. In South Dakota, Ingemansen et al. (1986)
reported a reduction in the level of insect infestation in
farm-stored grain after bins were cleaned with a vac-
uum cleaner shortly before harvest.

Farm-stored wheat treated with malathion grain
protectant had significantly lower insect densities in
November than did untreated grain (Reed et al. 1990).
However, malathion breaks down within a month
(Hagstrum and Flinn 1990) and the treated grain had
a higher insect density than did untreated grain by
January (Reed et al. 1990). In farm-stored wheat treated
with chlorpyrifos-methyl grain protectant, insects were
controlled for 5 months without grain cooling. After
the fifth month, insect infestations increased, and grain
deterioration was noted in the uncooled grain. How-
ever, grain treated with chlorpyrifos-methyl grain pro-
tectant at harvest and cooled in the autumn by aeration
had few insects. The rate of pesticide degradation is

slower in cool grain (Arthur et al. 1992). However, this
grain protectant treatment was the most expensive of
the insect-control strategies studied, and this pesticide
generally is least effective against the lesser grain borer
which is the most damaging pest of farm-stored wheat
(Reed et al. 1990, 1993).

Storey et al. (1984) reported that grain samples
from fumigated farm-stored wheat were as likely to
be infested as those from unfumigated grain. Fumiga-
tions done too early or too late in the autumn appeared
to have a low success rate (Reed and Worman 1993).
This is consistent with simulation studies (Flinn and
Hagstrum 1990, Hagstrum and Flinn 1990). Fumiga-
tion combined with grain cooling by aeration was the
least expensive of the strategies studied by Reed et al.
(1993). Kenkel et al. (1991) analyzed elevator man-
ager’s fumigation decisions and concluded that many
managers applied fumigant based on habit or conven-
tion, rather than on evidence of need.

Many farm and elevator bins are equipped for aer-
ation. Aeration equipment is more common in south-
ern than northern wheat production areas of the United
States (Kenkel et al. 1993). Kenkel et al. (1994b)
reported that at least 75% of farm bins and 93% of
steel bins at elevators in Oklahoma were equipped
for aeration. In Kansas, 61% of farm bins had aera-
tion equipment (Reed and Pedersen 1987). In a South
Dakota study, less than 5% had aeration equipment
(Ingemansen et al. 1986), and in a Minnesota study,
less than 25% of wheat bins had aeration equipment
(Barak and Harein 1981b). Managers’ aeration prac-
tices appear to be highly variable. Reed and Pedersen
(1987) reported that only 17% of farm-stored wheat
bins were aerated by November, even though more than
half had aeration equipment.

At elevators, most steel (81%) and concrete (51%)
bins in wheat production areas are equipped for aer-
ation (Kenkel et al. 1993). Managers’ responses to
questions about aeration management indicate that
their practices are variable. Although about half of
the respondents indicated that they aerated commercial
stores in October, November, and December, 15–32%
indicated that they aerated during other months, includ-
ing the summer. When managers were asked about the
number of aeration cycles and target grain temperature,
their answers were highly variable. In Kansas, about
half reported beginning aeration immediately after har-
vest (Reed and Worman 1993), whereas the remainder
waited for cool autumn temperatures. About half aer-
ated continuously during the aeration cycle, whereas
the remainder aerated at night or intermittently.
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The effectiveness of aeration as an insect-control
technique appears to depend on how well it is man-
aged. Well-managed aeration has been shown to pro-
vide economical control of insects in farm-stored wheat
in southern Kansas (Reed and Harner 1998). Fur-
ther north, complete control with aeration has been
demonstrated (Halderson 1985). Flinn et al. (1997)
have shown using simulation studies that the use of
automatic aeration controllers might be expected to
effectively suppressed insect population growth in
Oklahoma, Kansas and South Dakota if aeration was
started soon after newly-harvested grain was stored.
Although similar data are not available for elevator stor-
age, managers’ comments indicate that many believe
that they can routinely control insects by cooling grain
with aeration and good sanitation practices.

Cost of insect pest control

The cost of insect pest control includes the cost of
monitoring for insects and the cost of insect control
measures such as grain protectants, aeration and fumi-
gation. The costs of sampling grain for insect was esti-
mated to be $0.07/ton ($0.002/bushel) (Hagstrum and
Flinn 1995) and the time required to count the num-
ber of insects caught in probe traps was estimated
to be 1.3 min plus 0.038 min for each insect caught
(Subramanyam et al. 1989). The cost of applying resid-
ual pesticides to stored wheat in 1990 and 1991 was
estimated at 18.7–65.6¢/ton (0.5–1 .9¢/bushel) depend-
ing on the pesticide used (Reed et al. 1993). Kenkel
et al. (1993) similarly estimated of the cost of grain
protectants as 14.1 or 81.4¢/ton (0.38¢ or 2.2¢/bushel),
depending on the pesticide used. These authors also
estimated the cost of empty bin treatments at 0.033–
25.9¢/ton (0.0009–0.01¢/bushel capacity) depending
on the type of storage structure and the pesticide used.
Overhead costs include the cost of the application
equipment.

The costs of traditional aeration, once in the autumn
and again in the winter, was estimated at approxi-
mately 18.7–25.9¢/ton (0.5–0.7¢/bushel) for electricity
(Noyes et al. 1991). Overhead costs include the initial
installation of roof vents, floor ducts and fans.

The cost of fumigation includes the costs of the
fumigant, materials used to seal the bins, air moni-
toring tubes and other materials. The labor costs for
sealing, applying fumigant, air monitoring, unsealing
and de-placarding are also major costs of fumigation.

Overhead costs such as those related to the owner-
ship of respiratory protection and other personal pro-
tection equipment also should be considered. Kenkel
et al. (1993) estimated that the cost for fumigation
was 58.09¢/ton (1.57¢/bushel) in steel and 86.95¢/ton
(2.35¢/bushel) in concrete storage structures. This rep-
resents 8% and 13% of the elevator’s grain handling
and storage profit margin.

Costs of insect presence or damage

Domestic wheat market and export transactions are
based on both United States grade and supplemental
quality specifications. The presence of live insects or
IDK may reduce wheat value by lowering the grade
or by causing the load to be discounted or rejected.
According to the United States grain standards, wheat
containing 2 or more live insects injurious to stored
grain per kilogram grain sample receives the special
designation of ‘infested’ which is noted on the grade
certificate. The market penalties for insect presence
are set by the individual grain buyer. Historically, mar-
ket penalties for delivering insect-infested wheat have
been relatively low. Reed et al. (1989) found that the
discount for delivering wheat with 1 or more live
insects per kilogram grain sample to Kansas eleva-
tors ranged from $0.04/ton (0.1¢/bushel) to $22.05/ton
(60.0¢/bushel). When the effect of other grade factors
such as bulk density was removed, the mean discounts
for the presence of 0.1–1, 1.1–5, or>5 live insects per
kilogram grain sample were $0.74/ton (2.0¢/bushel),
$0.77/ton (2.1¢/bushel), and $1.51/ton (4.1¢/bushel),
respectively. The authors concluded that discounts for
live insects were more variable and inconsistent than
discounts for other grade factors. Anderson et al. (1990)
concluded from the same data that the penalties did not
provide enough incentive for risk-adverse managers to
apply expensive treatments to control insects. Kenkel
et al. (1991) did a similar risk analysis for elevators.

In recent years, there has been a general trend toward
a decreased tolerance of live insects. Domestic flour
millers report a zero tolerance for live insects (Kenkel
et al. 1993). The occurrence of a single insect-infested
grain sample may result in the rejection of an entire
truck, train or barge load of grain. If a load is rejected,
the grain must be either transported to another mar-
ket outlet with less stringent standards or to a location
where it can be fumigated. The cost of a rejected load
depends on the relative price at other market outlets
and the transportation and fumigation costs involved.
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The cost of a rejected load can be as much as 10–20% of
its value and is often the major concern of most elevator
managers.

The presence of IDK also may reduce the value of
wheat if the grain fails to meet the contract specifi-
cations. High IDK counts may reduce the numerical
grade or, in extreme cases, result in a ‘sample grade’
designation, which requires that the wheat not be used
for food products. Domestic flour mill contracts spec-
ify an upper rejection limit of 7 IDK per 100 g grain
sample (Kenkel et al. 1993). At a terminal elevator,
price discounts of 37–74¢/ton (1–2¢/bushel) for each
percent total grain damage above a threshold of 5–7%
are typical (Attaway 1998). Under the United States
wheat standards, a sample containing more than 2%
total damaged kernels, which represents 20–30 kernels
per 100 g grain sample, does not qualify for the United
States #1 grade designation, and higher percentages
cause further grade reductions.

Marketing system trends affecting insect control

The grain storage system in the United States, and
insect control are affected by macro-economics, busi-
ness decisions, and political factors. During the last
decade, several changes in the wheat marketing sys-
tem have influenced insect control in stored wheat.
Mergers and consolidations have reduced the number
and increased the size of companies and cooperatives.
This may promote more centralized and uniform insect
pest management programs, and more rapid adoption
of new methods.

Storage facilities

Most of the grain elevators currently being used in the
United States were built in the 1950s and 1960s (Reed
1992). Because the cost of constructing upright con-
crete bins has increased more rapidly in recent decades
than that of metal storage bins, much of new eleva-
tor space is metal bins. These bins are usually larger
and are more likely to have aeration equipment than
concrete bins, but they have less thermal insulating
capacity, are more accessible to insects, and are more
difficult to seal for fumigation. In metal bins, phosphine
tablets are often probed into the grain, whereas in con-
crete bins, phosphine tablets are usually added using
an automatic dispenser as the grain is turned from one
bin to another. The greater difficulty in fumigating steel
storage structures, and the increasingly more stringent

safety requirements have resulted in increasingly more
of the fumigation at elevators being done at increased
cost by commercial pest control operators.

Government policies

In the United States, changes in government policies
on grain production and storage, and the deregulation
of the transportation industries have influenced stored-
grain insect pest management. Cropping patterns are
changing in response to changes in the United States
Department of Agriculture farm program. This has
sometimes resulted in grain being stored in facilities
designed for other commodities, and managed by per-
sons without wheat-storage experience. The elimina-
tion of subsidies as incentives for long-term storage
has reduced the amount of grain carried over from one
crop year to the next. At the same time, the cost to
the grain industry of compliance with safety and pes-
ticide regulations has increased. Over time, this may
reduce the amount of regulated pesticide used in com-
mercial elevators. Changes in the rate structure for rail-
road transportation have resulted in more grain being
moved by truck than ten years ago and grain is now
less likely to be officially inspected. The rate changes
also have made it more likely that wheat used domes-
tically will be stored at the first handler level (country
elevator) rather than at terminal elevators. Grain mov-
ing to export is received at traditional terminal eleva-
tors or new regional high-speed loading facilities which
have the capability to efficiently load 25–100-car unit
trains. With inexperienced managers and fewer offi-
cial inspections, the quality of insect pest management
is examined less. Shorter storage periods have made
insect pest management easier while the regulations
that have increased the cost of pesticide use have made
insect pest management more challenging.

Consumer interests

Increased consumer concerns about food safety and
wholesomeness were to some extent responsible for
the 1988 changes in the United States wheat standards.
Those changes reduced the tolerance for live insects in
wheat receiving a grade designation, and allowed for
the separate reporting of IDK. Flour mills apparently
reduced their tolerances for insect infestation and ker-
nel damage at about the same time.

Foreign and domestic consumers also have become
increasingly vocal about pesticide residue concerns.
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Many foreign customers have privatized grain impor-
tation during the 1990s and have become more discern-
ing about grain quality (Stephens 1997). In 1994, the
Japanese wheat purchasing agency implemented a pro-
gram of bonuses and discounts to reduce the amount of
dockage that is acceptable in wheat imported from the
United States (Grain Elevator and Processing Society,
1995). Physical and sanitary quality issues are now
more important than previously in wheat contracts.

Integrated pest management

The management of stored-grain insect pests can per-
haps benefit from the experience of entomologists
working with insect pests in other situations. The
concept of integrated pest management (IPM) was
developed as a method of making pest management
decisions by field crop entomologists (Stern et al. 1959)
and was later adopted as a suitable operational plan
for solving many other types of insect pest problems.
IPM is ecologically-based, and integrates chemical and
nonchemical pest management methods to minimize
the problems associated with chemical control such
as resistance of insect pests to pesticides, pesticide
residues, and worker and consumer health risks. It
also maximizes cost-effectiveness by minimizing the
costs of pesticide use and optimizing control by natu-
ral enemies.

The use of IPM for ornamental plants and
cockroaches in urban environments may be particu-
larly relevant to stored-product insect pests because
this application emphasized aesthetic damage instead
of yield reduction (Raupp et al. 1987). Often, the pres-
ence of stored-grain insect pests in a commodity can
cause economic losses such as penalties for delivering
insect-infested grain, fumigation costs or added ship-
ping costs before there is measurable damage to the
commodity.

Although many definitions of IPM have been
proposed (Cate and Hinkle 1994, Kogan 1998), the
operational plan for IPM has two key elements,
monitoring-based decision making and the use of mul-
tiple pest control tactics. Monitoring-based decision-
making minimizes the cost of pest management and
reduces the risk of economically damaging insect
infestations. Multiple tactics are used mainly to slow
the development of insect resistance to pest control
methods such as pesticides, and to make insect pest
management more effective and sustainable. Both of
these elements were discussed in the paper by Stern

et al. (1959) that first proposed the operational plan for
IPM.

Stern et al. (1959) were responding to problems
inherent in the overuse of insecticides, namely, resis-
tance of insect pests to pesticides and resurgence of
pest populations. Many species of insect pests had
become resistance to insecticides. Insecticide applica-
tions were killing natural enemies leading to outbreaks
rather than suppression of pest populations. Their solu-
tion was to reduce the frequency of insecticide applica-
tions, to use insecticides that were less toxic to natural
enemies and to use ecologically-based pest manage-
ment methods such as natural enemies and crop rotation
instead of insecticides whenever possible. The term
‘integrated’ was used to emphasize the importance of
finding compatible combinations of chemical and bio-
logical control.

Stern et al. (1959) proposed that insecticides be used
only when the insect monitoring program indicated that
insect pest populations were likely to reach an econom-
ically damaging level which they called the economic
injury level (EIL). This concept recognized that some
densities of insect pests can be tolerated and that control
is economical only when the cost of the damage caused
by the insect pests exceeds the cost of insect control.
They also proposed the use of an economic threshold
(ET) which is the insect density at which control must
be applied to prevent insect population densities from
reaching the EIL. The ET allows for a delay between the
application of insect control measures and the suppres-
sion of insect populations, and is generally calculated
as a percentage of the EIL. Stone and Pedigo (1972)
proposed using an equation for determining whether
the cost of damage had exceeded the cost of control.
Onstad (1987) elaborated on the usefulness of such cal-
culations for choosing the most economical insect pest
management method and for scheduling its use.

Stored-grain IPM

Some of the approaches recommended for stored-grain
insect pest management are similar to those of Stern
et al. (1959). IPM for stored grain has been discussed
by Evans (1987), Hagstrum and Flinn (1992), Cuperus
et al. (1993), Kenkel et al. (1994a) and Hagstrum
and Flinn (1995). Ecologically-based methods such
as cleaning bins before storing grain and aeration to
slow insect population growth by cooling grain are
important components of stored-grain insect pest man-
agement. Regular insect monitoring is recommended
for stored-wheat to determine whether fumigation is
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needed, although the levels of grain sampling often are
not sufficient to accurately estimate whether insect den-
sities have reached an ET and precise EIL have not
been developed. In contrast, EIL have been reported
for more than 70 insect species on 43 major crops dur-
ing production (Peterson 1996). As with these crops,
the overuse of pesticides is becoming a problem with
stored-grain because insects have developed resistance
to a range of insecticides and fumigants (Subramanyam
and Hagstrum 1995b). Unlike field crops, the role of
natural enemies generally has not been considered to be
significant in stored grain. Only recently has research
shown that parasites can reduce insect pest populations
to acceptable levels in stored-wheat (Hagstrum 1987,
Flinn et al. 1996). Naturally-occurring parasite species
are known to attack all of the major pests of stored-
wheat (Hagstrum and Flinn 1992). The conservation
of naturally occurring parasites and predators needs
to be considered in designing and implementing pest
management programs for stored-wheat.

A number of differences between stored-grain and
field crops need to be considered in developing a stored-
grain IPM program. Stored-grain cannot compensate
for insect damage as growing plants can, so grain qual-
ity only decreases during storage. Thus, stored-grain
may tolerate fewer insects than field crops and have a
lower EIL. The major insect pest risks for stored-grain
are the cost of discounts, rejected loads, and the asso-
ciated loss of reputation. These types of risks rather
than a risk of reduced yield of field crops make it
more difficult to reduce pesticide use for stored-wheat.
Another distinctive characteristic of stored-grain insect
pest management is that pesticides can only be econom-
ically applied during a few brief time periods. Residual
insecticides can be applied economically to the grain
only when newly-harvested, insect-free wheat is first
placed in the bin. In contrast to field crops, in which
pesticide applications are often delayed in response to
scouting reports, the fumigation schedule for stored-
grain is often controlled by grain temperature because
fumigants work poorly below 5◦C or by the time that
the grain is moved to another bin.

Although storing wheat from hundreds of acres in
a single bin eliminates travel between fields, grain
stored in such large masses is less accessible for insect
monitoring. This inaccessibility has favored preventa-
tive methods and fumigation when grain was turned
for managing stored-grain insects. Environmental and
safety issues also are different from those of produc-
tion agriculture. A major issue for field crops is ground
water pollution with insecticides washed off of plants

by rain. For stored grain, a similar issue may be the
release of fumigants into the air. Regulations have been
enacted for release rates of phosphine from tobacco
warehouses in North Carolina and Virginia (Keever and
Hamm 1996).

Another major difference between field crops and
stored-grain is the availability of private consultants
and scouting services for field crops (Lambur et al.
1989) while the pesticide industry is still the primary
source of information for grain producers and elevator
managers (Cuperus et al. 1990). The pesticide indus-
try may tend to promote only pesticide use because
their profits increase as the volume of pesticide sales
increases. Because of the complexity of IPM, private
consultants are likely to be quite important in moving
from traditional pest control to IPM (Glass 1975, Flint
and van den Bosch 1981, Frisbie and McWhorter 1986,
Vandeman et al. 1994, Dent 1995, National Research
Council 1996). In production agriculture, consultants
charge a per acre fee for monitoring insect infesta-
tions, interpreting the results and providing pest con-
trol advice (Hall 1977). Consultants have an economic
incentive to minimize pesticide use, because the greater
the savings in the pesticide application cost resulting
from careful monitoring, the larger the fee per acre
that consultants can charge the grower. Although con-
sultants can facilitate the use of new, more technical,
ecologically-based IPM programs, they may need to
use the simplest, least expensive methods to remain
competitive (Hutchins 1995).

Cost–benefit analysis

Key factors in any pest management decision are the
costs and benefits. Cost–benefit analysis refers to the
formal process of comparing the costs with the ben-
efits of a pest management decision (Gittinger 1982).
A cost is anything that reduces the chances of attaining
a decision-maker’s objective and a benefit is anything
that contributes to attaining that objective. Studies
on the economic evaluation of IPM programs have
been reviewed by Norton and Mullen (1994). For
grain producers and elevator managers, maximizing net
income is a major objective. For this reason, most cost–
benefit analyses concentrate on the impact of a pro-
posed stored-grain insect pest management decision on
revenues and costs. Another objective of stored-grain
insect pest management is minimizing the risk of eco-
nomically damaging infestations. This objective also
can be considered within the context of the cost–benefit
analysis but is more subjective.
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Area-wide IPM

Area-wide IPM programs have been developed for
orchards, public health pests and field crops because
insect dispersal from infested to uninfested areas is
extensive. Examples are the citrus protective districts in
California (Graebner et al. 1984), mosquito control dis-
tricts, and the screwworm and boll weevil eradication
programs in the United States (Myers et al. 1998). Area-
wide IPM can reduce the cost of pest management by
gradually suppressing insect populations in large areas,
and thus reducing the chances of reinfestation and the
need for additional pest control. Bellows (1987) devel-
oped a simulation model for optimizing the distribution
of pest management effort over a region.

Area-wide IPM programs are important for stored
grain because insects are moved along and multiply as
grain passes through the grain marketing system from
farm to country elevator to terminal elevator to flour
mill or export (Hagstrum and Flinn 1992). Pest man-
agement is likely to be much more effective if IPM is
used uniformly throughout the wheat marketing sys-
tem. Area-wide IPM for the 80 country and 4 terminal
storages of a central bulk handling system in Australia
reduced the number of control failures and the number
of storages infested from 60% to 16% (Bridgeman and
Collins 1994, Collins and Bridgeman 1997). The cost
of the pesticides used was reduced from $1.50/ton to
$0.60/ton and the number of storages with insecticide
residue-free grain increased from 30% to 90%.

Moving from traditional pest control to IPM

Adapting the IPM concepts discussed in the previous
section to the United States wheat storage system
described in the first section will require several
changes in pest management practices. Traditional
stored-grain insect pest control is multi-tactic, i.e. san-
itation, aeration and pesticides, but insect monitoring
data are generally inadequate for pest management
decision making and nonchemical methods are often
not used to their full potential. Inspections are designed
to provide grain quality information for segregation,
blending, and marketing, and to identify areas in a
facility where major outbreaks are likely. In the current
system, the risks of economic loss due to discounts or
rejected loads resulting from insect presence or dam-
age are sometimes managed using multiple tactics, but
the selection of tactics and the timing of their use
are not guided by adequate information on insect pest

population densities. Fumigation is generally done in
response to inaccurate information on insect population
densities, or done just prior to shipping to reduce the
risk of a detectable live insect infestation. The research
needed to develop ET has not been done and cost–
benefit analysis is not used to make pest management
decisions.

To move from traditional insect pest control to
an IPM program for stored-grain insects that is
comparable to those successfully used in field crops,
the following changes will be required. First, greater
emphasis will need to be placed on sampling grain to
estimate whether insect density has reached an ET. An
IPM program in which pesticides are used only when
insect densities exceed an ET and other methods are not
available is likely to be less risky and more economical.
The risk of economic losses will be reduced by con-
trolling insect populations before they spread to other
grain, and by minimizing the chances of unforseen
insect problems. The cost of insect pest management
will be reduced by fumigating less grain or by using less
expensive methods such as detecting insect infestations
early and selling grain before insect pests reach unac-
ceptable levels. Second, prophylactic components such
as sanitation and aeration will receive greater emphasis
and their effectiveness will be enhanced. Early aeration
using fan controllers, and monitoring-directed sanita-
tion will make insect pest management more effective
and less expensive. Selective pesticide applications will
be more effective with better information about the dis-
tribution of insect populations. With more selective use
of pesticides, naturally-occurring or released natural
enemies will be more effective in suppressing insect
pest populations. Parasites were found to be more effec-
tive at 25◦C than at 32◦C and are therefore likely to be
more effective in combination with grain cooling by
aeration (Flinn 1998).

IPM can provide for grain storage the same ben-
efits that it has provided for crop production. More
judicious and selective application of pesticides will
increase the useful life of pesticides by decreasing
consumer health concerns, thus reducing anti-pesticide
sentiment, and by delaying the onset of insect resistance
to pesticides. It is also likely to reduce the number
of pesticide applications, helping to conserve natu-
ral enemies and reducing worker exposure. IPM also
will most certainly decrease the risk of economic loss
due to insect-infested shipments. Moving from tradi-
tional stored-grain insect pest control to IPM will shift
risk management from routine pesticide applications to
monitoring-based decision making.
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The major costs of IPM adoption are likely to be
those for collecting grain samples and checking them
for insects, and the costs of educating stored-grain
managers and their employees in ecologically-based
insect pest management. At the same time, the costs
of turning and blending grain, and certain pesticide
treatments may be reduced by better management. We
anticipate that a major benefit would be a reduction
in fumigation costs as monitoring-based applications
replace routine applications. Another potential benefit
would be a reduction in insect-related market discounts
and rejected loads as increased monitoring reduces the
likelihood of an undetected insect infestation. At flour
mills, a parallel benefit might be decreased likelihood
of excessive fragment counts and pesticide residues in
flour. IPM programs also may open new market oppor-
tunities or maintain access to existing market outlets
which are increasingly more concerned about grain
quality, insect presence and pesticide residue levels.

Improved pest management methods

The results of recent research can make IPM, with its
reliance on monitoring rather than ‘insurance’ pesticide
applications to manage risk, more attractive to eleva-
tor managers. Research on insect monitoring, predic-
tive models, biological control, cooling by aeration,
and fumigation techniques is likely to improve pest
management.

Insect monitoring

The steps in developing a sampling program for stored-
grain insects have been reviewed (Hagstrum 1994,
Hagstrum et al. 1995, Subramanyam and Hagstrum
1995a). Most of the sampling programs that have been
developed for stored-grain insects are for farm storage,
but some work has been done at elevators (Smith
and Loschiavo 1978, Smith 1985, White 1985, 1988,
Mahmood et al. 1996). Recent research directed toward
improving insect monitoring includes the development
of equipment for sieving large grain samples to sepa-
rate insects, better methods of collecting, analyzing and
interpreting sampling data, and automation of insect
monitoring. Larger samples can provide earlier detec-
tion of insect infestations because insect infestations
can be detected at lower densities. Better methods of
interpreting sampling data and automation can improve
insect pest management decisions by providing more

accurate information about insect infestation levels and
reducing the cost of sampling.

More wide-spread use of automatic pneumatic truck
samplers and diverter samplers at elevators will make
it easier to collect large grain samples for insect moni-
toring. Three devices for separating insects from large
grain samples have been tested. White (1983) devel-
oped an inclined sieve for processing 25-kg wheat sam-
ples and found that 95% of lesser grain borers, rice
weevils and the red flour beetles,Tribolium castaneum
(Herbst) (Coleoptera: Tenebrionidae) were recovered
with 2, 3 or 4 passes over the sieve, respectively. Wilkin
et al. (1994) improved upon the inclined sieve by
developing a motorized shaker that can remove nearly
100% of the granary weevil,Sitophilus granarius(L.)
(Coleoptera: Curculionidae), and the sawtoothed grain
beetle,Oryzaephilus surinamensis(L.) (Coleoptera:
Silvanidae), from a 10-kg sample in 1.8 min. Demianyk
et al. (1997) found that a mechanical dockage tester
removed 84–91% of adult rusty grain beetles,Cryp-
tolestes ferrugineus(Stephens) (Coleoptera: Cucuji-
dae), and 57–81% of larvae from kilogram grain
samples.

Improvements in the collection, analysis and inter-
pretation of sampling data include the development of
sequential sampling plans, generic sampling statistics
and new methods of collecting and interpreting trap
catch data. Sequential sampling plans can minimize
the number of samples needed to accurately estimate
insect density because at high insect densities, fewer
grain samples are needed to achieve the same level of
accuracy than at low insect densities. Subramanyam
et al. (1997) developed a fixed-precision and a bino-
mial sequential sampling plan for adult rusty grain
beetles.

Predictions of variance as a function of the mean
insect density or mean trap catch have been widely
used in planning sampling programs and evaluating
their performance. Before beginning a study, prelim-
inary data are collected to fit a variance-mean regres-
sion equation. The amount of data needed to accurately
fit the equation makes this expensive. Hagstrum et al.
(1997) have developed a generic nonlinear variance-
mean regression equation for stored-grain insects that
can reduce the cost of developing a sampling program
by eliminating the need to collect preliminary data.

Traps are often easier to use than are other meth-
ods of estimating insect density. However, estimates of
insect density based upon the number of insects caught
using probe traps differed from those based upon the
number of insects found in grain samples, and the
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economic thresholds for traps were different from those
for grain samples (Hagstrum et al. 1998, Vela-Coiffier
et al. 1997). Also, seasonal changes in temperature and
other factors can influence trap catch more than the
density estimates made using other methods. Thus, trap
catch was found to be inconsistent in estimating insect
population density during the storage period (Hagstrum
et al. 1998) Equations were developed in this paper
for converting trap catch to insect density per volume
of grain by adjusting for the effect of temperature on
trap catch. These methods will increase the usefulness
of traps as insect monitoring tools. Equipment also
has been developed for electronically monitoring probe
trap catches (Shuman et al. 1996).

Automation allows more intensive and frequent sam-
pling than is practical with manual grain sampling
methods, and provides more accurate and up-to-date
information on insect infestation levels with which
to make insect pest management decisions. The effi-
cacy of using acoustical sensors on cables to monitor
insect populations in wheat stored in farm bins has been
demonstrated (Hagstrum et al. 1996). Acoustical sen-
sors detected insects in each of 9 bins in which insects
were found in grain samples and often detected insect
infestations 2–4 weeks earlier than intensive conven-
tional grain sampling. The number of times that insect
sounds were detected was correlated with insect density
in grain samples over a density range of 0–17 insects
per kg of grain. The study indicated that a smaller ver-
sion of the automated system with sensors located only
in the top center of a farm bin could provide a cost-
effective, early-warning system for the most damaging
insect pest, the lesser grain borer. Automation will be
particularly worthwhile at large grain storage facilities
where it is difficult to check all of the grain thoroughly
and frequently enough to detect infestations before the
insect populations have reached unacceptable levels.
Acoustical sensors could be added to the cables that
are currently used to monitor grain temperature. An
automated system would allow the level of insect infes-
tation in each bin to be checked from a computer in the
main office. This information could be used to deter-
mine which grain to sell first. Networking of computers
would allow individual lots of grain to be followed as
they are moved through the marketing system.

Predictive models

A computer model has been developed to forecast
insect population growth, when pest control will be
needed and the efficacy of pest management programs

(Hagstrum and Throne 1989, Flinn and Hagstrum 1990,
Hagstrum and Flinn 1990, Flinn et al. 1992, 1997).
Models are useful because grain temperature and mois-
ture, which are the main factors influencing insect pop-
ulation growth rates, are more easily measured than
insect densities. Therefore, insect population growth
rates can be predicted from grain moisture and temper-
ature. The development of these and other models for
predicting insect population growth has been reviewed
by Throne (1994).

A model predicting the population growth rates of
the 5 species of stored-wheat insect pests most com-
monly found in the United States has been improved by
adding winter survival of lesser grain borers (Hagstrum
and Flinn 1994), by validating the predictions for
lesser grain borer over a broader range of tempera-
tures (Hagstrum 1996), by providing methods of pre-
dicting seasonal changes in grain temperature (Flinn
et al. 1992) and the effectiveness of low oxygen atmo-
spheres for insect control (Flinn and Hagstrum 1997),
by including methods of simulating different aeration
strategies (Flinn et al. 1997), and by adding para-
sites to simulate the effectiveness of biological con-
trol for rusty grain beetles (Flinn and Hagstrum 1995).
Stored Grain Advisor, an expert system for stored grain
management (Flinn and Hagstrum 1994), provides a
way for farmers and elevator managers to more eas-
ily use these predictive models to make insect pest
management decisions. In field trials, this expert sys-
tem was shown to make correct recommendations 80%
of the time without using grain sampling informa-
tion (Flinn and Hagstrum 1994). Using insect density
estimates from grain sampling should increase the reli-
ability of these recommendations. Expert systems for
stored-wheat management also have been developed
in Australia (Longstaff and Cornish 1994), Canada
(Mann et al. 1997) and the United Kingdom (Wilkin
and Mumford 1994).

By simulating the cost and effectiveness of several
insect pest management programs, the most econom-
ical pest management program that provides the best
long-term pest management can be selected. The model
predictions also can be used to reduce the cost of insect
sampling programs. By predicting future insect popula-
tion densities, grain sampling to estimate insect density
can be done only when needed rather than on a calendar
schedule and thus the cost of sampling can be reduced.
A model predicting the seasonal changes in insect pop-
ulations in the wheat-marketing system may be useful
in developing an area-wide IPM program for elevator
networks (Hagstrum and Heid 1988).
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Grain cooling by aeration

Recent advances in the use of aeration for insect con-
trol have improved our understanding of the impact that
grain temperature manipulation can have on feral insect
populations, and thus provided more precise recom-
mendations for operating aeration fans. Sophisticated
programmable fan controllers, which have been avail-
able for many years, appear to be used principally to
cool or dry grain without overdrying. The use of inex-
pensive, single-thermostat aeration fan controllers to
provide maximum cooling with only ambient air while
minimizing fan-hours has recently been investigated in
field trials (Reed and Harner 1998). These studies indi-
cated that insect populations can be controlled effec-
tively for farm-stored wheat in Kansas without routine
pesticide use if the aeration system delivers at least
0.09 m3/min/ton (0.1 CFM/bushel).

In the Reed and Harner (1998) study comparing an
early grain cooling strategy using automatic aeration
controllers with a strategy that delayed cooling until
autumn, the early cooling strategy was less expen-
sive. For a 190-ton (7,000-bushel) lot of farm-stored
wheat, the electrical cost for early cooling was esti-
mated to be $0.37/ton (0.3¢/bushel) more than that for
delayed cooling. However, the early cooling strategy
increased grain moisture content slightly, whereas the
delayed cooling strategy decreased grain moisture con-
tent slightly. Because the difference in market value
due to this difference in wheat moisture content more
than offset the higher electrical costs of early cooling,
the payback period for a $600 aeration fan controller
and the additional electricity for early cooling was
1 year.

Because insects were better controlled by the early-
aeration strategy, the mean discount if the wheat had
been marketed in September would have been only
$0.33/ton (0.9¢/bushel) for the early-cooling strat-
egy compared with $0.92/ton (2.5¢/bushel) for the
delayed-cooling strategy. If managers had fumigated
grain containing more than 1 insect per kilogram to
avoid discounts, 1 of 5 lots with early-cooling would
have needed fumigation compared to 4 of 5 lots with
delayed-cooling. Optimum strategies for aeration con-
trol are now being developed for other wheat produc-
tion areas in the United States.

Fan controllers to cool grain as quickly as possible
are not new, but previously have been used more to
control grain moisture rather than insects. It is pos-
sible that grain managers may tend to use pesticides
rather than aeration to control insects because they are

easier to use and appear to be less expensive than aera-
tion which requires a large initial investment. However,
pesticides must be purchased every time grain is stored
whereas aeration equipment is long-lasting and oper-
ating costs are small. The greater knowledge and skill
required to manage insects with aeration also favors the
use of pesticides.

Many upright concrete grain silos in wheat produc-
tion areas have no aeration or are equipped with sys-
tems that deliver 0.046 m3/min/ton (0.05 CFM/bushel)
or less. Research is underway to determine if cross-flow
aeration systems (Converse 1967), which use small
fans to deliver the airflow required for the early-cooling
strategy, can be inexpensive enough to be used as the
primary method of insect control in upright silos.

Grain cooling with large, portable air conditioners
called grain chillers is another technology that has been
used sparingly for decades in the United States, but
has recently been reinvestigated (Maier 1994) because
of the changing economic, marketing, and political
environment. Maier et al. (1997) reported that chill-
ing wheat in the summer from 25–27◦C to 15–17◦C
cost $0.41/ton with run times of 180–240 h. A separate
analysis showed annual operating costs of $1.49/ton for
chilling compared with $2.98/ton for fumigation fol-
lowed by aeration. Grain chilling is common in some
areas of the world, but in North America is used mostly
for higher-value grain products (i.e. specialty rice,
organic grain), and grains and seeds that have special
humidity requirements (i.e. popcorn, specialty beans).

Biological control

Parasites attack most of the major stored-wheat insect
pests (Hagstrum and Flinn 1992), and many of these
parasite species are frequently found in stored wheat.
Using IPM to manage stored wheat will conserve
these naturally-occurring parasites by reducing the use
of pesticides that kill the parasites. In stored wheat,
naturally-occurring parasites were found to reduce
rusty grain beetle populations by 50% (Hagstrum
1987), and released parasites were found to reduce
lesser grain borer populations by 98% (Flinn et al.
1996). Parasites were found to be more effective at
25◦C than at 32◦C and are therefore likely to be
more effective in combination with grain cooling by
aeration (Flinn 1998). Parasites and predators can be
purchased for release from a number of different com-
panies (Hunter 1997). The cost of biological con-
trol using parasites and predators was estimated to be
$1.50/ton ($0.04/bushel) (Flinn et al. 1996). The key to
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cost–effective use of innoculative or innundative bio-
logical control is releasing the correct species and num-
bers of natural enemies at the right time. Computer
models will be helpful in designing biological control
programs (Flinn and Hagstrum 1995).

Fumigation

Better management of pesticide resistance is often an
expected benefit of IPM programs. The alternating use
of various chemicals, as is recommended for pesticide
resistance management (Subramanyam and Hagstrum
1995b), is not a viable option for grain fumigation
because phosphine is at present the only economically-
viable product for stored-wheat insect pest manage-
ment at most grain elevators in the United States.
Therefore, pesticide resistance will need to be man-
aged by more effective use of nonchemical methods
or by reducing the number of applications. Research is
currently underway at elevators to develop more pre-
cise insect detection and pest management decision-
making tools that will recommend fumigation only
when necessary.

Research also is underway to increase the effective-
ness and safety of the phosphine fumigants, and reduce
the amount of phosphine required for adequate control.
Inert gases can be used alone or in combination with
phosphine to improve its effectiveness. Some countries
have very active research and development programs
on the use of modified atmospheres for stored-grain
insect control, but commercial grain managers in the
United States have shown little interest. Inert gas and
fumigant combinations have found a niche in certain
speciality grain products (Industrial Fumigant Com-
pany 1996). Combination fumigations have been done
commercially, mostly in processing facilities, although
new fumigant products have recently been developed
for grain stores (Winks 1993). Some of the combina-
tion fumigation techniques require manipulation of the
temperature as well as the atmospheric gas concentra-
tions (Fumigation Service and Supply, Inc. 1996).

Re-circulation fumigation wherein fumigant is
forced through the grain, is a patented technique used
mostly in hard-to-fumigate structures such as ship
holds and flat steel bins (Noyes and Kenkel 1994).
Noyes et al. (1995) examined the costs and bene-
fits of installing re-circulation fumigation systems in
commercial elevators. The major cost was the origi-
nal construction and installation cost of 29.6–48.1¢/ton
(0.8–1.3¢/bushel). The benefits included savings in
labor of 1.85¢/ton (0.05¢/bushel) and fumigant of

5.55¢/ton (0.15¢/bushel). The cost–benefit analy-
sis indicated that the re-circulation systems had a
payback period of approximately 4 years. Currently,
re-circulation fumigation is being adapted to upright
concrete storage.

Research needs

Recent changes in grain marketing practices may affect
insect pest management needs. Research is needed to
determine whether current pest management programs
are the most cost-effective in reducing the risk of loss
due to insect infestation. The efficacy of aeration, bio-
logical control and fumigation in maintaining insect
pest populations below economically-damaging levels
has not been adequately evaluated under field con-
ditions. Research is needed to determine the effect
of the recommended pesticide application practices
on populations of natural enemies. Also, research is
needed on conserving and optimizing the effectiveness
of naturally-occurring populations of parasites. Full
utilization of IPM in wheat storage in the United States
is likely to require research to develop more precise
economic-injury levels and more cost–effective sam-
pling programs for insect monitoring.
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